Developing skeletal myofibers in vertebrates are intrinsically 'pre-patterned' for motor nerve innervation. However, the intrinsic factors that regulate muscle pre-patterning remain unknown. We found that a functional skeletal muscle dihydropyridine receptor (DHPR, the L-type Ca 2+ channel in muscle) was required for muscle pre-patterning during the development of the neuromuscular junction (NMJ). Targeted deletion of the b1 subunit of DHPR (Cacnb1) in mice led to muscle pre-patterning defects, aberrant innervation and precocious maturation of the NMJ. Reintroducing Cacnb1 into Cacnb1 −/− muscles reversed the pre-patterning defects and restored normal development of the NMJ. The mechanism by which DHPRs govern muscle pre-patterning is independent of their role in excitation-contraction coupling, but requires Ca 2+ influx through the L-type Ca 2+ channel. Our findings indicate that the skeletal muscle DHPR retrogradely regulates the patterning and formation of the NMJ.
a r t I C l e S The establishment of specific synaptic connections lays the foundation for neural circuitry formation. At the vertebrate NMJ, one of the best-studied model synapses, synaptogenesis occurs in a stereotypic pattern along the central regions of the postsynaptic muscle cells 1 . Emerging evidence indicates that these central regions are intrinsically pre-patterned by the muscle cells. For example, genes critical for neuromuscular synaptogenesis, including the acetylcholine receptor genes and muscle-specific kinase (Musk), are selectively activated and their respective proteins (AChR and MuSK) are clustered in the central regions of the muscle in the absence of innervation [2] [3] [4] [5] . In vivo imaging in zebrafish embryos demonstrates that AChR clusters not only are pre-patterned in developing muscles, but also are actively incorporated into newly formed NMJs 6, 7 . Furthermore, removal of pre-patterned AChRs in mouse embryos results in excessive nerve branching and aberrant formation of the NMJ 8 . These findings challenge the long-held neurocentric dogma and support the opposing view that postsynaptic muscle intrinsically defines its central region for the ingrowing nerves, which subsequently fine-tune the pre-patterned AChRs so that neuromuscular synapses are generated along a narrow endplate band of the muscle 2, 9, 10 . The mechanisms underlying this intrinsic pre-patterning in muscle remain unknown.
Developing myotubes generate action potentials and contract spontaneously 11 , and this electrical and contractile activity is correlated with an alteration of AChR levels 12, 13 . This raises the possibility that muscle electrical activity, contractile activity or both are involved in pre-patterning the muscle during NMJ development. This question has been technically challenging to answer because of the difficulty of separating electrical from contractile activity, as excitation is normally coupled with contraction (excitation-contraction coupling) 14 . Most widely applied methods for manipulating activity, including tetrodotoxin, high K + (depolarization) or electrical stimulation, affect both the electrical and contractile activity of the muscle. Thus, the relative contributions of electrical versus contractile activity on neuromuscular development cannot be distinguished by applying these conventional means to perturb activity.
Excitation-contraction coupling is mediated by two major membrane components: the L-type Ca 2+ channels (DHPRs) 15 , which are at the surface of the muscle membrane and act as the voltage sensor for depolarization, and the ryanodine receptors (RyRs) at the sarcoplasmic reticulum, which regulate the release of Ca 2+ from the sarcoplasmic reticulum into the cytosol 14 . Indeed, excitation-contraction is uncoupled in mice that are deficient for either DHPRs, such as the β1 subunit of DHPR (Cacnb1 −/− ) 16 , or RyRs [17] [18] [19] . We therefore used these mutant mice (Cacnb1 −/− and Ryr1 −/− ; Ryr3 −/− ) to investigate the relative contributions of excitation versus contraction on NMJ formation.
Notably, muscle pre-pattern was disrupted in Cacnb1 −/− muscles, but was largely preserved in Ryr1 −/− ; Ryr3 −/− muscles. In the absence of Cacnb1, expression of Musk and the AChR genes was markedly increased, leading to a broad distribution of AChR and MuSK proteins and aberrant development of the NMJ. These defects specifically resulted from the loss of DHPR function in the skeletal muscle, as reintroducing Cacnb1 into Cacnb1 −/− muscles genetically rescued the muscle pre-patterning defects and restored the normal patterning and formation of the NMJ. Both electrical activity and synaptic activity were increased in Cacnb1 −/− muscles, suggesting that the patterning defects were unlikely to be a result of a lack of either electrical or synaptic activity. Taken together, our findings suggest that a functioning skeletal muscle DHPR is specifically required for establishing muscle pre-patterning during NMJ formation. a r t I C l e S
RESULTS

Loss of DHPR function leads to abnormal synaptic patterning
Pre-patterned AChRs are clustered along the central region of the muscles at embryonic day 14.5 (E14.5); at this initial stage, the majority of the nascent AChR clusters are near, but not directly apposed to, the nerve terminals 2, 4 . This can be seen by immunostaining of whole mounts of E14.5 diaphragm muscles ( Fig. 1) . In the wild-type muscle, AChR clusters were patterned to a centrally localized endplate band ( Fig. 1b) where the nerve terminals were also confined ( Fig. 1d ) and extended orderly branches in the central endplate band region ( Fig. 1a,g) . In contrast, in Cacnb1 −/− muscle, AChR clusters failed to form an endplate band, but were instead broadly distributed across the muscle, including the medial and lateral edges ( Fig. 1c) . For example, in the dorsal quadrant of the diaphragm muscles, AChR clusters in Cacnb1 −/− mice were distributed along a length of 569 ± 10 µm (n = 5 mice) of muscle fibers, whereas AChR clusters in the control mice were confined to a length of 133 ± 6 µm (n = 5 mice) of muscle fibers. Correspondingly, the nerves in Cacnb1 −/− muscles were highly branched and hyper-innervated over a broad region of the muscle, especially in the dorsal quadrant, in which the nerve branches occupied the entire muscle surface ( Fig. 1e,f,h) .
Because the pre-patterning is muscle intrinsic, it also occurs in aneural muscles such as the diaphragm muscle in mice deficient for the motoneuron transcription factor Hb9 (also known as Mnx1). To determine whether DHPRs are required for the pre-patterning in aneural muscles, we examined the diaphragm muscles from Cacnb1 and Hb9 double knockout mice (Cacnb1 −/− ; Hb9 −/− ). Notably, the muscle intrinsic, nerve-independent pre-patterning of AChR clusters in Hb9 −/− mice ( Fig. 1i ) was disrupted in Cacnb1 −/− ; Hb9 −/− double knockout mice. AChR clusters were found scattered over the entire muscle ( Fig. 1j) . Thus, as with the innervated muscle described above, DHPRs were also required for pre-patterning the aneural muscles during development.
To determine whether the pre-patterning defects seen in the Cacnb1 −/− muscles simply represent developmental delay, we examined the muscles at a later stage (E18.5; Fig. 2 ). AChR clusters were confined to the central endplate band in wild-type muscle ( Fig. 2a) , but remained scattered broadly across the entire Cacnb1 −/− muscle ( Fig. 2b) .
To determine the number of AChR clusters in individual myofibers, we dissociated E18.5 diaphragm muscles and counted them in a total of 359 control (wild type or heterozygous) and 554 Cacnb1 −/− myofibers ( Fig. 2c-e ). We found that multiple endplates were frequently detected in dissociated Cacnb1 −/− myofibers ( Fig. 2d ) but rarely in control myofibers ( Fig. 2c) . Similar to the distribution of AChR clusters, acetylcholinesterase (AChE) was restricted to the central regions of the wild-type myofibers ( Fig. 2h) , but was broadly distributed along the entire length of the Cacnb1 −/− myofibers (Fig. 2i) .
These findings indicate that the patterning defects of the Cacnb1 −/− muscles persist throughout development in Cacnb1 −/− muscles and are not attributable to developmental delay.
Electrical and synaptic activity in Cacnb1 −/− muscles Despite aberrant patterning, neuromuscular synapses were established in Cacnb1 −/− muscles. As in wild type ( Fig. 3a-c) , every endplate in the Cacnb1 −/− muscle ( Fig. 3d-f ) was fully innervated; a r t I C l e S that is, the pre-and postsynaptic apparatus formed in close apposition ( Fig. 3c,f) . However, individual synapses appeared to be larger in the Cacnb1 −/− muscle than in the age-matched controls. We therefore measured the sizes of individual endplates and found a twofold increase in size of endplates in the Cacnb1 −/− muscles compared with the controls (Supplementary Fig. 1 ). In addition, 99.4% (n = 342) of the endplates in the control myofibers retained the oval shape ( Fig. 3b ) that is characteristic of embryonic endplates 20 . In contrast, nearly half (48.6%, n = 399) of the endplates in Cacnb1 −/− muscles appeared to be perforated ( Fig. 3e) , which is an indication that the endplates were more matured than those in the wild-type muscles 20 . Thus, the postsynaptic endplates in Cacnb1 −/− muscles appeared to be precociously matured compared with those in the age-matched wild-type muscles, suggesting that muscle DHPR activity may negatively regulate the maturation of the NMJ during development.
To further examine neuromuscular synapses, we carried out electron microscopy analyses. We found that the Cacnb1 −/− muscles were markedly thinner and that the sarcomeres were less well aligned than in the control muscles ( Supplementary Fig. 2 ). However, the presynaptic nerve terminals in Cacnb1 −/− mice contained abundant synaptic vesicles and well-defined basal lamina ( Fig. 3h) .
To determine whether the neuromuscular synapses in the Cacnb1 −/− mice were functional, we performed electrophysiological analysis ( Fig. 3i-l) . We found that neuromuscular synaptic activity in Cacnb1 −/− mice was markedly increased compared with their littermate controls. For example, miniature endplate potential (mEPP) frequency (events per minute) was increased more than 60-fold in Cacnb1 −/− muscles (57.86 ± 12.73, n = 38 cells, n = 4 mice, 8,635 total events in 181 min) compared with controls (0.85 ± 0.16, n = 26 cells, n = 4 mice, 104 total events in 128 min) (P = 0.00007). Furthermore, spontaneous action potentials were more frequently detected in Cacnb1 −/− muscle cells (58%, 22 of 38 muscle cells; Fig. 3l ) than in control muscle cells (8%, 2 of 26 muscle cells; Fig. 3k ). In addition, mEPP amplitudes were also significantly increased in Cacnb1 −/− mice (3.19 ± 0.22 mV, n = 38 cells and 4 mice) compared with controls (2.57 ± 0.19 mV, n = 26 cells and 4 mice) (P = 0.047). Notably, EPP amplitudes were similar between control (13.25 ± 1.25 mV, n = 23 cells and 4 mice) and Cacnb1 −/− mice (12.75 ± 1.22 mV, n = 27 cells and 4 mice) (P = 0.227) and action potentials were elicited in both control and Cacnb1 −/− muscles in response to electrical stimulation of the nerve. Together, these results suggest that both the electrical and synaptic activity are increased in the Cacnb1 −/− muscles. Thus, the abnormal patterning of the NMJ that we observed in Cacnb1 −/− muscles cannot be attributed to a lack of electrical or synaptic activity in these muscles.
Genetic rescue of synaptic patterning defects
Given that Cacnb1 is expressed in both skeletal muscles and neurons 21 , we considered the possibility that the lack of Cacnb1 in neurons might have contributed to the defects of the NMJ in Cacnb1 −/− mice. We therefore examined compound mutant mice specifically lacking Cacnb1 expression in neurons 22 . These compound mutant mice were generated based on previous studies that found that reintroducing Cacnb1 cDNA into Cacnb1 −/− myotubes completely restores Ca 2+ current, charge movements and Ca 2+ transients to normal levels 23 and that human skeletal actin (HSA, also known as ACTA1) promoter-driven Cacnb1 (HSA-Cacnb1) restores Cacnb1 expression specifically in Cacnb1 −/− skeletal muscles. These compound mutant mice (HSA-Cacnb1; Cacnb1 −/− , hereafter referred to as the rescued mice) are normal, viable and express Cacnb1 in skeletal muscles, but not in neurons 22 .
We found that the levels of synaptic activity and the patterns of the neuromuscular synapses were restored to normal in the rescued mice ( Fig. 4) : the levels of neuromuscular synaptic activity were similar between the control (Fig. 4a ) and the rescued mice ( Fig. 4b) . For example, mEPP frequency was restored to normal in the rescued mice (Cacnb1 −/− ; HSA-Cacnb1, 1.07 ± 0.10, n = 53 cells and 7 mice) as compared to the control (1.00 ± 0.09, n = 47 cells and 5 mice). a r t I C l e S The mEPP amplitudes (control, 2.00 ± 0.08 mV, n = 51 cells and 5 mice; rescue, 1.92 ± 0.06 mV, n = 65 cells and 7 mice) and EPP amplitudes were also similar between control and rescued mice (control, 15.56 ± 0.61 mV, n = 61 cells and 5 mice; rescue, 14.07 ± 0.60 mV, n = 72 cells and 7 mice). Similarly, the patterning of the NMJs was also restored to normal in the rescued mice ( Fig. 4c-h) , similar to that displayed in the wildtype mice (Figs. 1b,d,g and 2f) . As the rescued mice were viable, we followed their NMJ development to postnatal stages. We found that postnatal NMJ patterns and sizes of the individual endplates were also restored to normal in the rescued mice (Supplementary Fig. 3 ). Furthermore, AChE expression patterns in the rescued mice ( Fig. 4k-l) were indistinguishable from those of control mice ( Fig. 4i-j) . These results indicate that muscle-specific expression of Cacnb1 is sufficient to rescue the patterning defects of the NMJ in Cacnb1 −/− mice and that the muscle DHPR, but not the neuronal DHPR, is required for the establishment of the normal pattern of the NMJ.
Distinct patterning phenotype in Ryr1 −/− ; Ryr3 −/− muscles DHPRs directly interact with and activate the RyRs and initiate excitation-contraction coupling. To determine whether the defects of muscle pre-patterning in the Cacnb1 −/− mice were the result of a disruption of excitation-contraction coupling, we examined RyRdeficient mutant mice, which therefore lack excitation-contraction coupling. Mice have three distinct Ryr genes, Ryr1, Ryr2 and Ryr3 (ref. 24 ). Because both RyR1 and RyR3 are expressed in embryonic skeletal muscles 25 , we focused on Ryr1 and Ryr3 double knockout mice (Ryr1 −/− ; Ryr3 −/− ) 19 .
Notably, unlike the Cacnb1 −/− muscles in which AChR clusters were broadly distributed ( Fig. 1c) , AChR clusters were confined to the central region in E14.5 Ryr1 −/− ; Ryr3 −/− muscle (Fig. 5d) . The average width of the endplate band in Ryr1 −/− ; Ryr3 −/− muscles, however, was increased compared with E14.5 wild-type muscles. For example, in the dorsal quadrant of the diaphragm muscles, the average width of the endplate band was 154 ± 13 µm in Ryr1 −/− ; Ryr3 −/− mice (n = 5 mice) and 133 ± 6 µm (n = 5 mice) in wild-type mice. A central endplate band was present in E14.5 Ryr1 −/− ; Ryr3 −/− muscles, indicating that the muscle pre-pattern was established in E14.5 Ryr1 −/− ; Ryr3 −/− muscles. Innervation in the Ryr1 −/− ; Ryr3 −/− muscle (Fig. 5e ) was markedly increased compared with the littermate control (Ryr +/+ ; Ryr3 +/− ; Fig. 5b) . Nevertheless, the nerve terminals in the Ryr1 −/− ; Ryr3 −/− muscle were confined to the central endplate band (Fig. 5f) , which was distinctly different from what we observed in the Cacnb1 −/− muscles (Fig. 1e,h) . As development proceeded to a later stage (E18.5), numerous ectopic AChR clusters appeared in the peripheral regions of the Ryr1 −/− ; Ryr3 −/− muscle, but the majority of AChR clusters were still aligned to a centrally localized endplate band (Fig. 5h) , in a pattern that was different from that seen in the Cacnb1 −/− muscle (Fig. 5i) . These data suggest that the pre-patterning defects in the Cacnb1 −/− muscle are specifically attributed to the loss of functioning DHPRs, but not to the lack of muscle contractile activity or to the absence of sarcoplasmic reticulum Ca 2+ release resulting from the loss of the RyRs.
DHPRs regulate the expression of AChR genes and Musk
During normal neuromuscular development, AChR genes are selectively transcribed at myonuclei near the synaptic sites (subsynaptic a r t I C l e S myonuclei) and suppressed at extrasynaptic myonuclei; as a result, transcripts of the AChR genes are localized at the central endplate band 26 . This specific pattern of AChR gene expression is also pre-patterned in the muscle, as it is maintained in the absence of innervation 2, 4 . We examined the levels and patterns of the gene encoding the AChR α1 subunit (also known as Chrna1) in Cacnb1 −/− muscles (Fig. 6 ). Using quantitative real-time RT-PCR, we found that Chrna1 expression was significantly increased in E14.5 Cacnb1 −/− muscles compared with wild-type muscles (relative expression levels of Chrna1: wild type, 1.00 ± 0.20, n = 8 mice; Cacnb1 −/− , 2.82 ± 0.25, n = 8 mice; P = 0.007). In addition, in situ hybridization revealed that the pattern of Chrna1 expression in the E14.5 Cacnb1 −/− diaphragm muscle was completely disrupted, being broadly distributed along the entire surface ( Fig. 6b) , rather than being localized to the central region, as in the E14.5 wild-type diaphragm muscle (Fig. 6a) . Similar to the disruption of the AChR clustering, the disruption of Chrna1 expression pattern persisted throughout development. For example, Chrna1 transcripts were detected only in the central regions of the E18.5 wild-type intercostal muscles (Fig. 6c) , but were uniformly distributed in the E18.5 Cacnb1 −/− intercostal muscles (Fig. 6c) . The normal pattern of Chrna1 expression was restored in the intercostal muscles of the rescued mice (HSA-Cacnb1; Cacnb1 −/− ; Fig. 6c ).
How does DHPR function to pre-pattern the developing myofibers? Because MuSK is expressed in the central regions of the muscle, independent of innervation, and overexpressing Musk leads to a broadening of endplate bands and innervation zones 5 , we hypothesized that the patterning defects of Cacnb1 −/− muscles may be due to altered expression of Musk. We therefore measured Musk expression levels in Cacnb1 −/− muscles and found that Musk expression was significantly increased in E14.5 Cacnb1 −/− muscles compared with E14.5 wild-type muscles (relative expression levels of Musk: wild type, 1.00 ± 0.23, n = 8 mice; Cacnb1 −/− , 2.12 ± 0.21, n = 8 mice; P = 0.006). Furthermore, Musk transcripts were broadly distributed along the entire Cacnb1 −/− muscle (Fig. 6d ) rather than being concentrated at the central endplate band, as they were in wild-type muscles (Fig. 6d) . To examine the distribution of MuSK protein, we double-labeled diaphragm muscles with antibody Figure 4 Muscle-specific expression of Cacnb1 rescues the patterning defects in Cacnb1 −/− muscle. (a,b) Sample traces of mEPP recorded from P0 diaphragm muscles in control (a) and the Cacnb1 −/− mice that also carry a HSA-Cacnb1 transgene under the control of the musclespecific HSA promoter, as shown in the schematic drawing (Cacnb1 −/− ; HSA-Cacnb1, referred to as the rescued mice; b). (c-h) Whole-mount diaphragm muscles at E14.5 (c-e) and E18.5 (f-h) from the rescued mice were double-labeled for AChRs (c,f) and the nerves (d,g). Similar to the wild-type muscles (compared with Figs. 1 and 2) , AChR clusters in the rescued muscles were aligned to a central endplate band (arrow in c,f) and nerve terminals were also confined to a central endplate band, as seen in the merged images (e,h). (i-l) AChE staining of whole-mount diaphragm muscle (Dia, P0) and triangularis sterni muscle (TS, P90) from control (i,j) and rescued mice (k,l). The patterns of AChE staining (black arrow) were similar between control and the rescued mice. Scale bars represent 100 µm (c-e), 200 µm (f-h) and 1,000 µm (i-l). ,d) , in a pattern similar to that seen in the wild-type mice (Fig. 1b) . a r t I C l e S to MuSK and α-bungarotoxin. We found the MuSK protein throughout the Cacnb1 −/− muscle, coinciding with the broad distribution pattern of AChR clusters in the Cacnb1 −/− muscle (Fig. 6f) , but only detected MuSK along the central region of the muscle in the wild type ( Fig. 6f) . Similar to the AChR pattern, the normal distribution pattern of MuSK protein was also restored in the rescued mice (Fig. 6f) . These findings suggest that functional DHPRs are necessary for regulating both the level and the pattern of MuSK expression.
To further elucidate the mechanisms by which DHPRs regulate the expression of Chrna1 and Musk, we tested whether Ca 2+ influx through the L-type channels was involved. We treated wild-type myotube cultures (C2C12) 27 with L-type Ca 2+ channel antagonists, including verapamil and isradipine 28 . We found that both verapamil and isradipine significantly increased the relative expression levels of Musk and Chrna1 compared with controls. Conversely, an L-type Ca 2+ channel agonist (Bay K 8644) significantly decreased the expression of Chrna1 and Musk compared with controls ( Fig. 6e) . Together, these results indicate that muscle DHPRs regulate the expression of the AChR genes and Musk through Ca 2+ influx.
DISCUSSION
Using genetic approaches in mice, we found an unexpected role of DHPRs in the establishment of muscle pre-patterning during neuromuscular synaptogenesis. We found that DHPR function is necessary for regulating proper levels and patterns of AChR gene and Musk expression. In the absence of muscle DHPR function, AChR gene and Musk expression is upregulated and AChR and MuSK protein is broadly distributed, resulting in pre-patterning defects. We also found that DHPRs regulated the expression of the AChR genes and Musk through Ca 2+ influx, as application of L-type Ca 2+ channel antagonists to wild-type myotubes increased the expression of the AChR genes and Musk, whereas application of L-type Ca 2+ channel agonists decreased their expression ( Supplementary Fig. 4) .
The mechanism by which DHPRs govern muscle pre-patterning is likely independent of their roles in excitation-contraction coupling, as pre-patterning fails to be established in Cacnb1 −/− muscles, but is largely preserved in Ryr1 −/− ; Ryr3 −/− muscles, even though both Cacnb1 −/− and Ryr1 −/− ; Ryr3 −/− muscles lack excitation-contraction coupling. These findings indicate that DHPRs are the major contributors for regulating the establishment of muscle pre-patterning. This is further supported by our genetic rescue experiments that restored the normal muscle pre-pattern when Cacnb1 was specifically reintroduced into Cacnb1 −/− muscles.
Notably, at a later stage (E18.5) of development, numerous AChR clusters appeared ectopically outside of the central endplate band in Ryr1 −/− ; Ryr3 −/− muscles. These results indicate that RyRs, although not being required for the establishment of muscle pre-patterning at the initial stage of neuromuscular synaptogenesis (E14.5), are important for the subsequent development of the NMJ. In addition, similar to Cacnb1 −/− muscles, innervation was markedly increased in Ryr1 −/− ; Ryr3 −/− muscles. One possible contributing factor for the emergence of ectopic AChR clusters in E18.5 Ryr1 −/− ; Ryr3 −/− muscles and the resemblance of increased innervation between Cacnb1 and Ryr null muscles is that the L-type Ca 2+ current is substantially reduced, although not completely eliminated, in Ryr null muscles 18, 29 . Alternatively, increased innervation in both Cacnb1 and Ryr null muscles could be attributed to an enhanced motoneuron survival resulting from a blockade of muscle contractile activity in these mutant muscles; the underlying mechanism remains to be further elucidated.
One of the most intriguing findings from previous studies is that aneural muscles in Hb9 −/− mice are capable of pre-patterning the 11 . Membrane depolarization is detected by the DHPR, which functions both as a voltage sensor and a L-type Ca 2+ channel and initiates Ca 2+ influx 14 . This depolarization-initiated Ca 2+ influx through the DHPR negatively regulates AChR gene and Musk expression. In the absence of Cacnb1, L-type Ca 2+ currents are absent 16, 30 and this negative regulation is lost, allowing increased AChR gene and Musk expression and a disruption of muscle pre-patterning.
In addition to their predominant localization in the transverse tubular membrane, DHPRs are also found in discrete foci in the sub-sarcolemmal region of the muscle 31 , suggesting that DHPRs may directly regulate gene expression independent of their roles in regulating Ca 2+ channel activity. Indeed, previous studies have shown that the C terminus of the L-type Ca 2+ channels in cardiac muscles functions as a transcription factor and directly regulates gene transcription 32, 33 . In addition, the Ca 2+ channel β 3 subunit, a homolog of Cacnb1, regulates gene transcription by interacting with an isoform of Pax6 (ref. 34 ). These studies suggest that Cacnb1 (DHPR β1) may also exert its effect on gene expression, as DHPR β 3 does, by functioning directly as a transcription factor or by binding to one or more transcription factors. However, our data indicate that the underlying mechanism that leads to an increase in AChR gene and Musk expression in Cacnb1 −/− muscles is attributed to the loss of L-type Ca 2+ channel activity, as application of L-type Ca 2+ channel agonist and antagonists in wildtype muscles led to a substantial decrease and increase of AChR gene and Musk expression, respectively.
The abnormal innervation defects seen in Cacnb1 −/− muscles resemble those observed in mice with muscular dysgenesis (mdg) [35] [36] [37] , a lethal autosomal recessive mutation leading to an absence of the α 1s subunit of DHPR 38 . It was proposed that the defects seen in mdg mice are neurogenic rather than myogenic in nature, based on experiments in which mdg muscles that were co-cultured with normal spinal cord neurons were thought to regain normal muscle activity 39, 40 . Our transgenic rescue experiment unequivocally demonstrates that the defects of abnormal NMJ development in Cacnb1 −/− mice are myogenic, that is, the result of a lack of muscle DHPR function, with no effect being exerted by neuronal DHPRs.
Previous studies have shown that electrical activity is important for regulating neuromuscular synapse formation during development and regeneration. For example, blocking electrical activity increases AChR gene (refs. 26,41,42) and Musk 43 expression in the skeletal muscles. Conversely, enhancing electrical activity suppresses the expression of the AChR genes in skeletal muscles 44 . Recent studies have further indicated that the activity-dependent gene expression is regulated by histone deacetylases, such as Hdac9 (ref. 45) or Hdac4 (ref. 46) . Because muscle electrical activity is not only present, but also substantially enhanced in Cacnb1 −/− muscles, one would expect AChR gene and Musk expression in Cacnb1 −/− muscles to be suppressed. On the contrary, we found that AChR gene and Musk expression were substantially increased and that AChR gene and Musk transcripts are broadly distributed along the Cacnb1 −/− muscle. These results suggest that the mechanism by which electrical activity suppresses AChR gene and Musk expression is that it must activate the muscle DHPRs, the L-type Ca 2+ channel in skeletal muscles. Notably, a previous study found that L-type Ca 2+ channel activity regulates the metabolic stabilization of endplate AChRs in chronically denervated soleus muscles in adult rats 47 . Furthermore, L-type Ca 2+ channels are also involved in regulating neuronal gene transcription 48, 49 . Thus, L-type Ca 2+ channel activity is likely one of the common mechanisms underlying activity-dependent gene expression in various types of excitable cells, including nerve and muscle cells.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
